Abstract-This paper proposes a communication-aware trajectory planning approach for UAVs to relay data/information (e.g. live surveillance feed) between a ground control station and friendly ground vehicles (a convoy) moving in a complex urban area. UAVs are controlled to stay: i) within the communicationfeasible area (having a direct line-of-sight to the moving convoy and within the maximum communication range) and ii) as close as possible to the convoy to have better communication quality, while satisfying their kinematic and dynamic constraints. Numerical simulations and a proof-of-concept indoor flight test have been performed to validate the benefit and feasibility of the proposed algorithm.
which make use of online communication quality measurements. Model-based approaches can be further categorised into: i) range-only, ii) range and visibility, and iii) channel propagation. Most model-based ones considered range-based communication constraints [2] [3] [4] [5] , while only few of them considered visibility [6] and a channel propagation model [7] [8] [9] . For measurement-based approaches, the signal-tonoise ratio (SNR) or similar channel metrics are measured, and a gradient following method [10] , [11] is used to guide the vehicle gradually towards the area which produces higher SNR, without relying on the pre-specified communication model and location information.
It is worthwhile noting that most of existing UAV communication relay approaches employ a single multi-rotor UAV (e.g. helicopter or quadrotor which can hover) and a simple distance-based communication model. These might be vulnerable to the failure of the relay UAV or inefficient to an uncertain and dynamic environment. If ground mobile nodes move dynamically, then an optimal networking structure and the corresponding desired relay UAV position to efficiently share/transmit data between them might change significantly, which might be difficult to be followed by the multi-rotor UAV due to its limited mobility. Besides, many of them consider a 2-D (two dimensional) open field environment where there are no buildings or obstacles, which is unrealistic.
To address this issue, this paper proposes a 3-D communication-aware trajectory planning approach to guide multiple fixed-wing (rather than multi-rotor) UAVs continuously to relay information (e.g. live surveillance feed) between the ground control station (GCS) and friendly ground vehicles (termed as a convoy hereafter) moving in an urban area. Maintaining a direct line-of-sight (LOS) between ground mobile units is important to ensure desired communication quality and robustness. However, in urban environments, this is quite challenging due to a large number of differently shaped buildings and obstacles [12] . Depending on the buildings, communication loss might vary significantly; thus it is required to avoid this situation (i.e. losing the direct LOS). Therefore, this study particularly focuses on dealing with communication constraints (limited communication capability and LOS block by buildings) for relay UAV trajectory planning while satisfying kinematic constraints (speed and turning rates) of fixed-wing UAVs.
The structure of this paper is given as: Section 2 presents the assumptions and overview of the proposed algorithm. Section 3 describes communication feasible area and desired loitering orbit generation, followed by the convoy following trajectory planning algorithm based on the Lyapunov vector field guidance in Section 4. Section 5 presents numerical simulation results and a proof-of-concept flight test. Lastly, conclusions and a future work are discussed in Section 6.
II. TRAJECTORY PLANNING APPROACH OVERVIEW
There are several assumptions made in the study. First, the urban environment is assumed to be given including the number of buildings and their location and dimension. Vehicles in a convoy are assumed to be able to communicate each other as they are in the close proximity, so they are regarded as one convoy unit/vehicle. Trajectory of the convoy for a certain mission is known (or can be estimated) to the GCS. A convoy is assumed to move on a 2-D plane (i.e. altitude is zero). Relay UAVs share a known global coordinate system for their own and convoy position. A communication between nodes (relay UAVs, a convoy and a GCS) is modelled by the communication range and visibility, so if they are within a certain distance and there exists a direct LOS (not obstructed by buildings) between them, it is assumed that they can communicate with each other. Figure 1 shows the flow chart of the proposed approach on communication-aware convoy following trajectory planning. First, a 3-D communication-feasible area is obtained for the current convoy location in the region of interest (ROI). Then, to make the fixed-wing UAV fly within this area while being as close as possible to the ground convoy, the appropriate desired loitering orbit is determined for the UAV to follow. Note that this communication-feasible area and the orbit could be generated in real time for each convoy position at a fixed time rate. However, if the computation capacity is limited, this process can be made offline by computing the orbits for a sufficient number of representative points in the ROI and use them as training data set for the Gaussian Process regression (GPR). Then, the desired orbit for the online/current convoy position can be rapidly predicted by the GPR in real time. To make the UAV follow the desired loitering orbit at the desired height, a Lyapunov vector field guidance (LVFG) approach is used. From the next section, more detailed explanation on each element is followed. 
III. COMMUNICATION-FEASIBLE AREA AND ORBIT GENERATION A. 3-D Visibility region with communication range
An urban environment space can be mathematically defined as:
with buildings in it, represented by a polyhedron's body
where N o is the number of buildings. Then, a 3-D communication-feasible area for the possible position of the ground convoy x cv = {x cv , y cv , z cv } ∈ R 3 considering lineof-sight (LOS) block by buildings and the limited communication range r max com can be defined as:
Obtaining X CF (x cv ) exactly at an arbitrary convoy position x cv where there are a large number of buildings in the environment would be computationally intractable. Thus, in practice,X cv can be approximately computed by combining several discrete 2-D visibility polygons as used in [13] , [14] . For a given convoy position, the 2-D cross section of visibility polygons with a limited communication range at a certain azimuth angle (e.g. East-Height cross section as shown in Fig. 2 (a)) can be obtained while considering LOS block by corresponding buildings. Joining all cross section areas for 180 degrees sampled at a fixed angle interval results in the 3-D communication-feasible area as shown in Fig. 2 (b). Note that this sampling angle interval needs to be carefully determined considering the system requirement as it is a trade-off between the computation time, the data storage and the resolution of the communication-feasible area.
B. Desired loitering orbit determination
Once the communication-feasible area is generated, then UAVs should fly within the generated area in order to maintain the communication (and the LOS) to the convoy at all times. Although there might be several ways to do so, we adopt a loitering (or standoff) orbit tracking concept [15] [16] [17] to this problem, which makes the UAV follow a loitering orbit determined by the communication-feasible area. This has several benefits over other approaches (e.g. just flying within the area [13] or following the exact area boundary): prevent sudden change of flight course and direction thus efficient under dynamic constraints of a fixed-wing UAV; path or behaviour is predictable to a certain extent as it loiters around a known point; straightforward collision avoidance between UAVs if multiple UAVs are involved by enforcing angular separation on the same orbit; orbiting around the ground vehicle would allow to gather more information; and being able to be as close as possible to the convoy all the time (hence, better communication quality and network connectivity) while satisfying the movement constraints.
Note that, if the UAV flies at a low altitude, then the communication-feasible area would not be enough for it to stay within due to the minimum turning radius, as illustrated in Fig. 3 . On the other hand, at a high altitude, even though there would be enough space for the UAV to move around but the distance between the ground convoy and the UAV is large in this case. Consequently, finding the minimum height h d and a loitering centrer ct,d in the generated communicationfeasible area in which the UAV can stay becomes a necessary task, which can be formulated as:
represents the set of discretised boundary points of the communication-feasible area at a height of h (i.e. X 
C. GP regression on desired loitering orbits
The above communication-feasible area and the corresponding loitering orbit could be generated in real time for each convoy position whenever needed. However, if the online computation capacity is limited, the part of this process can be made offline by using machine learning algorithms. Among others, the Gaussian Process regression (GPR) is used in this study [18] . The Gaussian Process (GP) can be viewed as a Gaussian distribution over functions, and it can be used to infer or predict function values at a finite set of test points using the observed data. Regression using the GP is briefly explained as follows [18] .
Firstly, a standard regression model is defined as y GP = f (x) + , where x is an input vector of dimension d, and y GP is a scalar output. The noise is assumed to be an independent and identically distributed Gaussian distribution with zero mean and variance σ 2 . Then, the Gaussian Process f (x) is specified by its mean function m(x) = E[f (x)] and the covariance function k(x, x ) = E[(f (x)−m(x))(f (x )− m(x ))]. Since this study assumes zero-mean GP, the process can be expressed as f (x) ∼ GP (0, k(x, x )). A training set with N t observation is expressed as D = {(x n , y GP,n )|n = 1, · · · , N t } = {X, y GP }, and the following squared exponential covariance function is used:
where σ f determines the magnitude, and = l −2 I is an isotropic covariance function.
Given the GP model and the covariance function above, the fitness of this model to the training set D can be evaluated using the marginal likelihood conditioned on the hyperparameters θ (i.e. the parameters of the covariance function):
where K y = K + σ 2 I and K = k(X, X). The hyperparameters are optimised to provide good predictions using the partial derivatives of Eq. (7) with respect to the hyperparameters using a gradient-based optimiser. Note that these hyperparameters are fixed once they are optimised with the training set.
Given the training set D, the covariance function with the trained hyperparameters, and a test input vector x * , the predictive distribution for the GPR can be computed as:
where the mean and variance are defined as:
where k * denotes the vector of covariance between the test and the training points. In this study, the centre of the desired loitering orbit (r ct,d ) and its height (h d ) at certain points (4m by 4m grids) in the area of interest are used as a training data set. Figure 4 shows the example result of the GPR on the desired loitering orbit height using 1m by 1m grids over a certain area as test points, and it shows the higher height around narrow roads as expected. Note that once the GPR process (in particular, hyperparameter optimisation) is done offline, the predicted outputf * (i.e. the desired orbit centre and height) at the current convoy position can be obtained in real time using Eq. (9). 
IV. LOITERING ORBIT FOLLOWING GUIDANCE
This section presents a three-dimensional (3-D) dynamic model of the UAV and Lyapunov vector field guidance (LVFG)-based convoy following trajectory planning to follow the desire loitering orbit accurately. Note that the LVFG problem is formulated for a pair of UAVs to have redundancy in case that one UAV loses communication (i.e. going outside of the feasible area).
A. 3-D UAV dynamic model
Assuming each UAV has a low-level flight controller such as stability/controllability augmentation system for heading, flight path and velocity hold functions, this study aims to design guidance inputs to this low-level controller for standoff orbit tracking. Consider a 3-D UAV kinematic model by extending a 2-D model given in [16] :
where x = (x, y, h, χ, γ, v, ω χ , ω γ ) T are the inertial 3-D position, heading (or course) angle, flight path angle, speed, and yaw and pitch rate of the UAV, respectively. τ v , τ ωχ , and τ ωγ are time constants for considering an actuator delay. u = (u v , u ωχ , u ωγ ) T are the commanded speed, turning rate and pitch rate constrained by the following limits:
, and |u ωγ | ≤ ω γ,max where v 0 is a nominal speed of the UAV. The continuous UAV model in (11) can be discretised by Euler integration into:
where
T , and T s is a sampling time.
B. Lyapunov Vector Field Guidance (LVFG)
The LVFG uses the following vector field function to compute the desired velocity which makes the UAV orbit around the centre of the desired loitering orbit [15] , [17] :
Hereafter the subscript k will be omitted for simple notation). Then, the total time derivative of V l is given byV l = ∇V l · [ẋ,ẏ] T , and the following desired
T can makeV l nonpositive, which provides stable convergence to the orbit as shown in Fig. 5 .
is the distance between the UAV and the loitering orbit centre,
T is the loitering orbit centre obtained as described in Eq. (5) . v d is a desired UAV speed. The guidance command u ωχ for the UAV turn rate is computed by proportional feedback and feedforward control terms as:
where the desired heading ψ d can be determined using the desired velocity in Eq. (13) as:
Note that for the guidance command to be feasible (i.e. within ω max ), the control gain k ω needs to be carefully determined. Height control is done by a simple feedback control, given by:
where h d is a desired height for UAVs to maintain. If multiple UAVs follows the desired loitering orbit while maintaining a certain angular separation between them, it is more likely for at least one UAV to be in the communicationfeasible area. To achieve this, speed of each UAV is controlled as given [15] :
where k v is a control gain, Δθ is the angular phase separation between UAVs, and θ d is a desired phase difference between the UAVs.
V. NUMERICAL SIMULATIONS
This section carries out numerical simulations using the proposed convoy following trajectory planning for a moving ground convoy. A simulation sampling time T s is set to 0.5 s and the parameter setting for the simulation is shown in Table  I . Three sample scenarios are considered where the convoy moves through the urban area surrounded by a number of buildings as shown in Fig. 6 .
A sample capture of the communication-aware convoy following simulation result is shown in Fig. 7 . Two UAVs follow the same desired orbit at the desired height, and as a result they are within the communication-feasible area, which ensures the communication to the ground convoy. Figure 8 shows the capture of the indoor flight test 1 . Due to the indoor space limitation, we used the quadrotor UAV which attempts to stay at the centre the desired loitering orbit (rather than loitering around it). Following the centre of the desired orbit is still meaningful to make the trajectory planning algorithm robust to the navigational position error or position control error since as long as the quadrotor is within the loitering orbit, communication to the convoy is expected to be ensured.
VI. CONCLUSIONS AND FUTURE WORK
This paper proposed a communication-aware trajectory planning approach which makes the UAV stay within the communication-feasible area against a moving ground convoy in an urban environment. Numerical simulations and a proof-of-concept flight test showed the feasibility of the approach. To improve the loitering orbit following performance and thus achieving better communication (i.e. fewer out-ofcommunication instances), prediction-based approaches (e.g. nonlinear model predictive control [16] ) will be applied by utilising future information on the communication-feasible area computation. Robust planning under uncertainty on a convoy position will also be followed as future work.
